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Abstract Keratinocytes stimulated by microbial organ¬ 
isms secrete not only a variety of cytokines, chemokines and 
growth factors, but also antimicrobial peptides such as beta- 
defensins (HBDs) such as HBD-2 and HBD-3. AVI 19, a 
patented blend of avocado sugar, triggers the up-regulation 
of HBD-2 in skin epithelia upon contact with AVI 19, but 
the signalling mechanisms involved are not completely 
understood. The purpose of this study was to determine if 
AVI 19 was able to induce also the expression of HBD-3 in 
human keratinocytes. In addition, the receptor and intracel¬ 
lular pathways involved in the AVI 19 up-regulation of 
HBD-2 and HBD-3 were investigated. Our results demon¬ 
strated that AVI 19 induces a significantly increase of the 
expression of HBD-3. In addition, the HBD-2 and HBD-3 
AV119-induced gene expression and release are TLR-2 
dependent. Finally, we demonstrated that AVI 19 induced 
ERK/MAPK phosphorylation in human keratinocytes, thus 
providing evidence that HBD-2 and HBD-3 secretion is 
through the same transductional pathway. The ability of 
AVI 19 to induce also HBD-3 may amplify its therapeutic 
potential against a broader spectrum of bacterial and yeast 
strains responsible for human skin disorders. 
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Abbreviations 

HBDs beta-defensins 

MAPKs Mitogen-activated protein (MAP) kinases 
PAMPs Pathogen-associated molecular patterns 

TLRs Toll-like receptors 

Introduction 

The epidermis plays an important role in the front line host 
defence against microbial infection. Keratinocytes, the 
major component of the epidermis, not only serve as a 
physical barrier, but also participate in the defence against 
pathogens. Keratinocytes stimulated by microbial organ¬ 
isms secrete not only a variety of cytokines, chemokines 
and growth factors, but also antimicrobial peptides such as 
beta-defensins (HBDs) [4]. HBDs are small cationic pep¬ 
tides which have antimicrobial activities and are secreted 
from epithelial cells, including keratinocytes [18]. HBD-2, 
first identified in psoriatic scales, is produced by epidermal 
keratinocytes and its production is enhanced in cutaneous 
infection, inflammatory dermatoses like psoriasis vulgaris, 
and wounds [6, 16]. HBD-2 kills Gram-negative bacteria 
and protects the skin from their infection [7]. Moreover, 
HBD-2 potentiates skin inflammation and wound repair; 
HBD-2 binds CC chemokine receptor-6, induces chemo- 
taxis of memory T cells and immature dendritic cells and 
induces the production of IL-6, CC chemokine ligand-20 
(CCL20), CXC chemokine ligand-10 and CCL5 in kerati¬ 
nocytes [16]. HBD-2 accelerates wound repair by inducing 
migration and proliferation of keratinocytes and endothe¬ 
lial cells [2, 16]. HBD-3 is also produced by epidermal 


4?) Springer 




620 


Arch Dermatol Res (2012) 304:619-625 


keratinocytes and, similarly to HBD-2, its release increases 
during inflammation [6, 16, 22]. HBD-3 has a salt-insen¬ 
sitive broad spectrum activity against Gram-positive and 
-negative bacteria or fungi like Candida albicans, thus 
protecting the skin from these types of infection [22]. It 
forms lytic pores on the bacterial lipid bilayers, especially 
Staphylococcus aureus , and kills them [13]. Moreover, 
HBD-3 accelerates skin inflammation by chemoattracting 
CC chemokine receptor-6 (CCR6)-positive cells [17] and 
inducing the production of interleukin-18 (IL-18), IL-8 and 
IL-20 in epidermal keratinocytes [10]. HBD-3 also pro¬ 
motes wound closure and reduces bacterial growth in 
S. aureus -infected diabetic wounds [20]. 

We previously demonstrated that contact of cultured 
epidermal keratinocytes with AVI 19, a patented blend of 
avocado sugars, triggers the up-regulation of HBD-2 [9]. 
However, the signalling mechanisms involved in the 
up-regulation of HBD-2 in skin epithelia upon contact with 
AVI 19 are not completely understood. The most widely 
studied innate recognition receptors are the Toll-like 
receptors (TLRs), a class of membrane receptors that sense 
microbes in the extracellular space or in intracellular 
compartments such as endosomes [1]. Although pathogen 
recognition begins at the level of the receptor, it is the 
signalling components downstream of each receptor and 
the ways in which they interact that ultimately determine 
the specific transcriptional response and immunological 
outcome [1]. Among the central pathways activated by 
immune innate signals are those involving the MAPKs. 
The MAPK family, which includes extracellular signal- 
regulated kinase (ERK), c-Jun N-terminal kinase (JNK) 
and p38 MAPK, is a family of serine/threonine kinases that 
play prominent roles in the immune system [8, 14]. The 
activation of MAPK is mediated by a core kinase module 
consisting of MAP kinase (MAPKKK, also known as 
MAP3K), MAP kinase (MAPKK, also known as MAP2K) 
and MAPK through sequential protein phosphorylation. 
Activated MAPKs, in turn, phosphorylate activating pro¬ 
tein 1 (AP-1) transcription factors and other targets to 
stimulate gene transcription and immune responses [8, 14]. 

The purpose of this study was to determine if AVI 19 
was able to induce also the expression of HBD-3 in human 
keratinocytes. In addition, the receptor and intracellular 
pathways involved in the AVI 19 up-regulation of HBD-2 
and, possibly, HBD-3 were investigated. 

Materials and methods 

AVI 19 preparation 

AV119 is a patented ingredient extracted from the Avocado 
gratissima fruit. After harvest, the avocado fruit is cut into 


slices and dried. The fats are eliminated and the dry matter 
is ground and extracted in a water-alcohol solution. 
Insoluble materials are then eliminated by filtration. The 
final product is obtained by concentrating the solution to 
obtain a 5 % content of active substance. This natural 
extract is mainly composed of two rare sugars, D-manno- 
heptulose and perseitol, which together represent 80 % of 
the dry matter. 

Cell culture and treatments 

Human keratinocytes were obtained from surgical speci¬ 
mens of normal adult skin and the concentration of total 
calcium in the medium was maintained at 0.09 mM. A 
transglutaminase assay was used to measure differentiation 
of the keratinocytes [9]. During the treatment, the con¬ 
centration of total calcium in the keratinocyte serum-free 
medium (Keratinocyte-SFM; Life Technologies) was 
maintained at 0.12 mM. Semi-confluent keratinocytes (10 / 
well) were treated or not treated with 25 pM SB203580 
(p38 MAPK inhibitor), 25 pM SP600125 (JNK inhibitor), 
10 pM U0126 (ERK inhibitor) for 1 h and with anti 10 pg/mL 
TLR-2 antibody (Santa Crutz) for 1 h and subsequently 
treated with 0.1 % AVI 19 for 24 and 48 h. The inhibitors 
were used at concentrations that resulted non-toxic to the 
cells. The synthetic diacylated lipoprotein (FSL-1), a 
ligand for TLR 2, was used as positive control to evaluate 
TLR2 induction. 

Real-time PCR analysis for HBD-2 and HBD-3 

Semi-confluent keratinocytes (10 /well) were treated or not 
treated with SB203580 25 pM (inhibitor p38 MAPK), 
SP600125 25 pM (inhibitor JNK), U0126 10 pM (inhibitor 
ERK) for 1 h and with anti TLR-2 antibody 10 pg/mL 
(Santa Crutz) for 30 min and subsequently treated with 
0.1 % AVI 19 for 24 and 48 h. At this time, total RNA was 
isolated with the High Pure RNA Isolation Kit (Roche 
Diagnostics). One hundred nanograms of total cellular 
RNA was re verse-transcribed (Expand Reverse Transcrip¬ 
tase, Roche Diagnostics) into complementary DNA 
(cDNA) using random hexamer primers (Random hexa- 
mers, Roche Diagnostics), at 42 °C for 45 min, according 
to the manufacturer’s instructions. Real-time PCR was 
carried out with the LC Fast Start DNA Master SYBR 
Green kit (Roche Diagnostics) (LightCycler 2.0 Instru¬ 
ment) using 2 pi of cDNA, corresponding to 10 ng of total 
RNA in a 20-pl final volume, 3 mM MgCl 2 and 0.5 pM 
sense and antisense HBD-2 primers (S'-GGATCCATGG 
GTATAGGCGATCCTGTTA-3'; 5'-AAGCTTCTCTGAT 
GAGGGAGCCCTTTCT-3') and HBD-3 primers (5'-AG 
CCTAGCAGCTATGAGGATC-3'; 5'-CTTCGGC AGC AT 
TTTGCGCCA-3'). The PCR condition for HBD-2 was 
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94 °C for lCf (initial denaturation), followed by 40 cycles 
at 94 °C for 5", 63 °C for 6" and 72 °C for 10". For HBD- 
3, it was 95 °C for 10' followed by 45 cycles at 95 °C for 
15", 60 °C for 5" and 72 °C for 10". The annealing tem¬ 
perature was 63 °C. A melting curve was made at the end 
of each amplification to ensure the absence of non-specific 
reaction products. The accuracy of mRNA quantification 
depends on the linearity and efficiency of the PCR ampli¬ 
fication. Both the parameters were assessed using standard 
curves generated by increasing amounts of cDNA. Quanti¬ 
fication is based on the threshold cycle values, which are 
measured in the early stage of the exponential phase of the 
reaction, and by normalisation to the internal standard curve 
obtained with the housekeeping /}-actin gene (5'-TGACGG 
GGTCACCCACACTGTGCCCATCTA-3' and 5'-CTAGA 
AGCATTGCGGTGGACGATGGAGGG-3', 60 °C), to avoid 
discrepancies in input RNA or in reverse transcription effi¬ 
ciency. The PCR products (respectively, 198 and 206 bp) 
were examined on 1.8 % agarose gel. 

ELISA assay for HBD-2 and HBD-3 

Semi-confluent keratinocytes (10 /well) were treated or not 
treated with SB203580 25 pM (inhibitor p38 MAPK), 
SP600125 25 pM (inhibitor JNK), U0126 10 pM (inhibitor 
ERK) for 1 h and with anti TLR-2 antibody 10 pg/mL 
(Santa Crutz) for 1 h and subsequently treated with 0.1 % 
AVI 19 for 24 and 48 h. Cell-free supernatants were 
recovered by centrifugation and assayed for the HBD-2 and 
HBD-3 concentration by an enzyme-linked immunosorbent 
assay (Phoenix Pharmaceuticals, Inc.). 

Protein extraction and western blotting analysis 

Human keratinocytes were treated 0.1 % AV119 for 24 and 
48 h. The cells were then scraped with 1 ml PBS and the 
cell pellet was homogenised with 300 ml of ice-cold buffer 
[137 mM NaCl, 1 % glycerol 10 %, 20 mM Tris-HCl pH 
8, EDTA 5 mM, Triton X 100 1 %, 1 mM NaP 2 0 7 10 mM 
^-glycerophosphate (CH 2 0H) 2 CH0P(0)(Na0)2] supple¬ 
mented with 2 pg/ml of aprotinin, 20 pg/ml leupeptina, 
1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM 
sodium orthovanadate, 10 mM NaF and 1 mM EGTA. The 
lysates were clarified by centrifugation at 10,000g for 
30 min at 4 °C and assayed for protein content using 
Bradford’s method [3]. Fifty micrograms of protein from 
each cell lysate was separated by 10 % SDS-PAGE under 
non-reducing conditions and transferred to nitrocellulose 
membranes. The filters were stained with a 10 % Ponceau 
S solution for 2 min to verify equal loading and transfer 
efficiency before being blocked with 5 % non-fat dry milk 
and incubated with the following antibodies: phospho-p38, 
phospho-JNK (Cell Signalling), phosho-p44/42 MAPK 


(ERK-1 and ERK-2), p44/42 MAPK (ERK-1 and ERK-2), 
p38 MAPK, JNK MAPK and TLR-2 (Santa Cruz) and 
/Ltubulin (Sigma-Aldrich, St. Louis, MO, USA) overnight 
at 4 °C. After washing with 0.1 % Tween-20 PBS, the 
filters were incubated with an appropriate peroxidase- 
conjugated secondary antibody for 1 h at room tempera¬ 
ture, washed thoroughly and analysed using the enhanced 
chemiluminescence detection system according to the 
manufacturer’s recommendations (ECL Amersham, 
Amersham Pharmacia Biotech, UK). 

Statistics 

The results are expressed as the mean db SD of the number 
of determinations indicated. Statistical analysis was per¬ 
formed using the XLSTAT 2009 for MS-Windows. The 
Student’s t test was performed for each kind of experiment: 
the p value was generally evaluated to confirm the statis¬ 
tical significance of the results. A p value of 0.05 was 
considered to be significant. 

Results 

We previously demonstrated that AVI 19 induced the up- 
regulation of HBD-2 in human keratinocytes. The aim of 
the present study was to verify whether AVI 19 modulates 
the gene expression of another human beta-defensin, HBD- 
3. As shown in Fig. la and b, we demonstrated by real-time 
PCR and ELISA assay that AVI 19 induced a strong 
increase of both HBD-3 gene expression and protein levels 
after 48 h of treatment. To verify whether AVI 19 modu¬ 
lates the TLR gene expression, we first performed experi¬ 
ments to analyse which TLRs were expressed in primary 
human keratinocytes. Table 1 shows the results obtained 
by quantitative real-time PCR. Basal levels of mRNA were 
found for TLR-2, TLR-3, TLR-5 and TLR-9. No detectable 
signals were observed for TLR-1, TLR-4, TLR-6, TLR-7, 
TLR-8 or TLR-10. Human keratinocytes were subse¬ 
quently treated with AVI 19 for 4 and 8 h. The results 
obtained by real-time PCR demonstrated that AVI 19 
induced a strong increase of TLR-2 gene expression 
already after 4 h of treatment (Fig. 2a). The same result 
was obtained by western blot analysis (Fig. 2b). In con¬ 
trast, no significant modulation was found for TLR3, TLR5 
or TLR9 (data not shown). To determine whether the 
AV119-induced expression of HBD-2 and HBD-3 was 
TLR-2 dependent, human keratinocytes were pre-incubated 
with a TLR-2 neutralising antibody and then stimulated 
with AVI 19. As shown in Figs, la and 3a, the TLR-2 
neutralizing antibody significantly inhibited the AVI 19- 
induced HBD-2 and HBD-3 expression, respectively, in 
human keratinocytes. The antibody alone did not modulate 
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Fig. 1 a HBD-3 mRNA expression in human keratinocytes pre¬ 
treated with anti TLR-2 antibody 10 pg/mL for 1 h followed by 
treatment with AVI 19. The mRNA expression was analysed by real¬ 
time PCR. All quantifications were normalised to the housekeeping 
gene /Lactin. The data are presented as the ratio between the target 
gene expression and the gene expression in unstimulated conditions, 
b HBD-3 protein expression in human keratinocytes pre-treated with 
anti TLR-2 antibody 10 pg/mL for 1 h followed by treatment with 
AVI 19. The data shown are representative of three different 
experiments ± SD (*p < 0.05) 


Fig. 2 a AVI 19 induced TLR-2 expression in human keratinocytes: 
TLR-2 mRNA expression analysed by real-time PCR in human 
keratinocytes treated with AVI 19. All quantifications were norma¬ 
lised to the housekeeping gene /Lactin. The data are presented as the 
ratio between the target gene expression and the gene expression in 
unstimulated conditions, b TLR-2 protein expression in human 
keratinocytes treated with AVI 19. /Ttubulin was used as internal 
control of protein load. The picture is the representative of three 
different experiments 


Table 1 TLRs gene expression analysed by real-time PCR in human keratinocytes 


TLRs 

RNA source 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Human 

— 

+ 

+ 

— 

+ 

— 

— 

— 

+ 

— 

keratinocytes 












The Toll receptors expressed in keratinocytes are indicated by the symbol — no detectable gene expression 


the HBD-2 and -3 gene expression in treated keratinocytes. 
ELISA assay confirmed the results obtained by real-time 
PCR (Figs, lb, 3b, respectively). To identify the TLR-2- 
mediated downstream signalling pathways involved in 
HBD-2 and HBD-3 induction, p38 MAP kinase inhibitor 
SB203580, c-Jun NH2-terminal kinase [JNK] inhibitor 
SP600125 and ERK kinase inhibitor U0126 were used. In 
brief, human keratinocytes were pre-treated for 1 h with 
kinase inhibitors and subsequently stimulated with 
AVI 19. Real-time PCR results indicated that only in the 
presence of ERK kinase inhibitor did HBD-2 and HBD-3 


mRNA levels return to being comparable to the control 
(Figs. 4a, 5a). The kinase inhibitors alone did not modu¬ 
late the HBD-2 and -3 gene expression in treated kerati¬ 
nocytes. ELISA assay was performed to confirm the 
results obtained by real-time PCR. Figures 4b and 5b 
show the reduced accumulation of HBD-2 and HBD-3, 
respectively, in the supernatants of keratinocytes pre¬ 
treated with ERK inhibitor and subsequently treated with 
AVI 19. Western blot confirmed that ERK is the kinase 
involved in AV119-induced HBD-2 and HBD-3 expres¬ 
sion (Fig. 6). 
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Fig. 3 a HBD-2 mRNA expression in human keratinocytes pre¬ 
treated with anti TLR-2 antibody 10 pg/mL for 1 h followed by 
treatment with AVI 19. The mRNA expression was analysed by real¬ 
time PCR. All quantifications were normalised to the housekeeping 
gene /Lactin. The data are presented as the ratio between the target 
gene expression and the gene expression in unstimulated conditions, 
b HBD-2 protein expression in human keratinocytes pre-treated with 
anti TLR-2 antibody 10 pg/mL for 1 h followed by treatment with 
AVI 19. The data shown are representative of three different 
experiments ± SD (*p < 0.05) 


Discussion 

Resistance to infection of the skin has been shown in the 
recent years to be based on the function of intact innate 
immune mechanisms by epidermal keratinocytes such as 
the production of antimicrobial pore-forming peptides of 
the human /Tdefensin family, /Tdefensins are up-regulated 
by a multitude of stimuli through signal transduction 
pathways utilising nuclear transcription factors (NF)-/cB or 
AP-1 and the MAPK system [17]. 

We recently demonstrated that the contact of cultured 
epidermal keratinocytes with AVI 19 triggers the up-regu- 
lation of HBD-2 [9]. In addition, we showed that AVI 19 
induced the nuclear translocation of AP-1 and that both 
the fos and jun family proteins were involved, thus sup¬ 
porting a role for AP-1 in mediating HBD-2 gene tran¬ 
scription [19]. 
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Fig. 4 a HBD-2 mRNA expression in human keratinocytes were 
pre-treated for 1 h with kinase inhibitors and subsequently stimulated 
with AVI 19. The mRNA expression was analysed by real-time PCR. 
All quantifications were normalised to the housekeeping gene /Tactin. 
The data are presented as the ratio between the target gene expression 
and the gene expression in unstimulated conditions, b HBD-2 protein 
expression in human keratinocytes were pre-treated for 1 h with 
kinase inhibitors and subsequently stimulated with AVI 19. The data 
shown are representative of three different experiments db SD 
(*p < 0.05) 


Here, we showed that AVI 19 was able to modulate also 
the HBD-3 gene expression. This result is of interest since 
HBD-3 has a broader activity spectrum against Gram¬ 
positive and -negative bacteria. In particular, HBD-3 pro¬ 
tects the skin from colonisation of S. aureus , the leading 
cause of skin and soft tissue infections such as abscesses, 
furuncles and cellulites [21]. 

Receptors of the TLR family are important factors of 
host innate immune cells that help to promote an adaptive 
immune response. They are expressed on cells of the epi¬ 
thelial lineage such as intestinal epithelial cells or human 
keratinocytes [11]. In humans, ten TLR family members 
have been identified [12]. Our results demonstrated that 
basal levels of TLR-2, TLR-3, TLR-5 and TLR-9 were 
expressed in primary human keratinocytes. Of these TLRs, 
AVI 19 had the ability to modulate only TLR-2 gene 
expression. In addition, the HBD-2 and HBD-3 AVI 19- 
induced gene expression and release were abrogated using 
a TLR-2 neutralizing antibody. 

Mediators of downstream signalling pathways of TLRs 
include MAPKs. The MAPKs are related enzymes that 
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Fig. 5 a HBD-3 mRNA expression in human keratinocytes were pre¬ 
treated for 1 h with kinase inhibitors and subsequently stimulated with 
AVI 19. The mRNA expression was analysed by real-time PCR. All 
quantifications were normalised to the housekeeping gene /i-actin. The 
data are presented as the ratio between the target gene expression and 
the gene expression in unstimulated conditions, b HBD-3 protein 
expression in human keratinocytes were pre-treated for 1 h with kinase 
inhibitors and subsequently stimulated with AVI 19. The data shown 
are representative of three different experiments =b SD (*p < 0.05) 

respond to extracellular stimulation through direct MAPK- 
dependent activation, loop phosphorylation and kinase 
activation [5]. Here, we demonstrate that AVI 19 induced 
ERK/MAPK phosphorylation in human keratinocytes, thus 
providing evidence that HBD-2 and HBD-3 secretion is 
through the same transductional pathway. In fact, U0126, a 


well-characterised chemical inhibitor of ERK but not 
SB203580 or SP600125; p38 and JNK inhibitors, almost 
completely nullified both HBD-2 and HBD-3 mRNA 
expression and protein secretion, respectively. 

Sugars in the form of monosaccharides, oligosaccha¬ 
rides, polysaccharides and glycoconjugates (glycoproteins 
and glycolipids) are vital components of infecting microbes 
and host cells, and play important roles in microbial 
adherence and colonisation, biofilm formation and viru¬ 
lence. TLRs enable the host to recognise pathogen-asso¬ 
ciated molecular patterns (PAMPs), which are mainly 
glycolipids. It is known that the interaction of TLRs with 
PAMPs initiates a cascade of events that leads to the pro¬ 
duction of reactive oxygen intermediates, cytokines and 
chemokines and promotes inflammation and immuno- 
modulation. Lloyd et al. [15] suggested that exogenous 
sugars can block carbohydrate receptors and competitively 
displace bacteria from attachment to cells, including 
keratinocytes, and, therefore, sugars may provide valuable 
adjunctive anti-inflammatory and/or antimicrobial treat¬ 
ment. They conclude affirming that carbohydrate mole¬ 
cules might be used to stimulate the production of 
antimicrobial substances and/or to exert specific interfer¬ 
ence with TLRs. In this context, AVI 19 might work 
competitively to displace pathogenic micro-organisms 
from attachment to keratinocytes and, at the same time, 
promote the antimicrobial defence of the host through a 
TLR-2 dependent HBD-2 and HBD-3 production, but in 
the absence of proinflammatory response, as previously 
reported [9]. 

In conclusion, the present study demonstrated that 
AVI 19 induces the expression of HBD-3, as well as HBD- 
2, through TLR-2 activation and ERK/MAPK pathway 
involvement. In addition, the ability of AVI 19 to induce 
also HBD-3 may amplify its therapeutic potential against a 
broader spectrum of bacterial and yeast strains responsible 
for human skin disorders. 
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Fig. 6 AV119-induced the ERK/MAPK phosphorylation: Human 
keratinocytes were treated or not treated with AVI 19. Protein extracts 
were analysed using antibodies to p44/42 MAPK (ERK-1 and ERK- 
2), p38 MAPK, JNK MAPK and phospho-p44/42 MAPK (ERK-1 and 


ERK-2) phospho-p38 MAPK, phosphor-c-Jun MAPK as described in 
“Methods”, ^-tubulin was used as internal control of protein load. 
The picture is the representative of three different experiments 
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